ABSTRACT Solar Ñares and coronal mass ejections (CMEs) involve the sudden release of magnetic energy that can lead to the ejection from the Sun of large masses of gas with entrained magnetic Ðeld. In dynamical systems, such sudden events are characteristic of metastable conÐgurations that are stable against small perturbations but unstable to sufficiently large perturbations. Linear stability analysis indicates whether or not the Ðrst requirement is met, and energetic analysis can indicate whether or not the second requirement is met : if a magnetic conÐguration that is stable against small perturbations can make a transition to a lower energy state, then it is metastable.
INTRODUCTION
Coronal mass ejections pose one of the outstanding problems of solar physics. (For recent reviews, see Crooker, Joselyn, & Feynman 1999 and Hundhausen 1999 .) It is now generally believed that the CME process is independent of the solar Ñare process, although Ñares may accompany CMEs. Both coronal mass ejections (CMEs) and solar Ñares are sudden events that are believed to be due to spontaneous changes in the conÐguration of the relevant magnetic Ðeld conÐguration.
One line of attack has been to follow the evolution of large, bipolar coronal magnetic Ðeld conÐgurations (similar to conÐgurations believed to exist below streamers) as the footpoints in the photosphere are subjected to slow shearing motion. For instance, Roumeliotis et al. (1994) have followed the quasistatic evolution of such a conÐguration and shown that progressive azimuthal shearing will lead to an expansion of the magnetic Ðeld that, beyond a certain critical value of the shear, becomes very rapid. Steinolfson (1991) and, more recently, Mikic & Linker (1997) have followed the evolution of such a system using MHD equations. They Ðnd that the magnetic Ðeld initially evolves quasistatically but, when a critical shear is reached, the conÐguration erupts. The eruption is an ideal process, related to the tendency of the Ðeld to open when the energy of the Ðeld approaches the open Ðeld energy.
By contrast, Wu & Guo (1997) analyze what is intrinsically a two-Ñux system. Their model comprises a helmetstreamer arcade and a helical Ñux rope beneath the helmet dome. They analyze the MHD evolution of this system, assuming that it begins with and retains cylindrical symmetry, and calculate the response of the system to a steady increase in the Ðeld strength of the Ñux rope. Once the Ðeld is increased to the point that the Ñux rope starts to move upward, the artiÐcial increase in the azimuthal Ðeld is terminated and the system evolves entirely according to the MHD equations.
Another approach to the explanation of CMEs is to attribute the eruption either to an MHD instability or to a "" loss of stability.ÏÏ (See, for instance, Low 1977 and Birn & Schindler 1981.) However, this is a controversial concept (see, for instance Klimchuk & Sturrock 1989 and Low 1990 ) that we prefer to avoid.
For simple dynamical systems, an onset of instability may be either explosive or nonexplosive. (See, for instance, Sturrock 1966.) A sudden event such as a CME (or a Ñare) requires the former. If a system is stable against small perturbations, but if it can nevertheless make a transition to a lower energy state, then it is metastable. In this case, a sufficiently large perturbation may trigger a sudden transition to the lower energy state. We propose that explosive solar events such as CMEs and Ñares can best be interpreted in terms of sudden transitions of metastable magnetic conÐgurations. In seeking candidate conÐgurations, we note that it would be difficult to understand the complete eruption of a single-Ñux magnetic Ðeld conÐguration rooted in the photosphere since, as Aly (1991) and Sturrock (1991) have pointed out, the completely open Ðeld has higher energy than any corresponding closed-Ðeld conÐgu-ration. However, there is no violation of this theorem if only part of the magnetic Ðeld erupts into the open state (Low 1986 ; Wolfson & Low 1992) .
In this paper, we consider the properties of a magnetic conÐguration involving at least two distinct Ñux regions. We drop the assumption of translational or cylindrical symmetry, and examine the energetic consequences of a partial eruption of Ñux into interplanetary space. It is then possible that some of the magnetic Ðeld expands into the open state, but the rest of the Ðeld remains closed. We Ðnd that the energy of a small region of erupting Ñux may be drawn from the stress of a much larger region that remains conÐned. This conÐguration appears to meet the metastability requirement in that it can be energetically favorable for the conÐguration to erupt, even in a parameter regime for which MHD stability theory indicates that it is stable.
ENERGETICS OF A TWISTED FLUX TUBE
Following Low (1994) , Low & Hundhausen (1995) , Wu & Guo (1997) , and others, we consider a conÐguration (shown schematically in Fig. 1 ) that contains a Ñux rope constrained by a magnetic arcade, such as may exist below a helmet streamer. However, we explicitly consider a Ñux rope of Ðnite length. We consider that the length L of the Ñux tube is large compared with its radius R. We wish to examine the possibility that part of the Ñux tube may "" rupture ÏÏ the overlying arcade and expand into interplanetary space, as shown schematically in Figure 2 . We now make an order-of-magnitude estimate of the energy that must be provided to drive such an eruption and compare it with the energy available from the twisted Ñux tube.
We consider, for simplicity, the model of a force-free uniformly twisted cylindrical Ñux tube, initially developed by Gold & Hoyle (1958) . The total Ñux in the Ñux tube is denoted by ' and the twist is denoted by the parameter b such that
where r is the radial coordinate. We Ðnd that the radius R of the Ñux tube varies only slowly as b increases ; by contrast,
ÈSchematic depiction of the evolution of the Ñux tube following the eruption of part of the tube through the arcade. the magnetic energy increases fairly rapidly with b (Sturrock 1994 ). The energy per unit length of the Ñux tube, U, is given by
and the radius R is related to ', b, and the external pressure P by
For given ' and P, the radius R is given implicitly, as a function of b, by equation (2.3). The energy per unit length is then given by equation (2.2). Alternatively, we may parameterize the model by means of the parameter b given by
We then Ðnd that the twist parameter b and the energy per unit length U are expressible as
respectively, where is the radius of the untwisted Ñux R 0 tube with b \ 0. The radius of the Ñux tube is given, in terms of and b, by R 0
The resulting relationship between and is shown R/R 0 bR 0 in Figure 3 . We see that for
ENERGETICS OF THE TWO-FLUX SYSTEM
The proposed two-Ñux system can lead to a CME only if part of the Ñux tube can penetrate the arcade and expand to inÐnity. A necessary requirement for this to occur is that the energy of the initial state, considered in the previous section, should exceed the energy of the Ðnal posteruption state. The energy of the Ðnal state contains the following three components : (1) the increase in energy of the arcade due to the penetration by the Ñux tube ; (2) the energy of the fully opened magnetic Ðeld ; and (3) the residual kinetic and thermal energy of the ejected plasma. In this section, we will consider only the minimum energetic requirement comprised by (1) and (2), and we will make only order-of-magnitude estimates of these two quantities. We may estimate the work done in opening the arcade by calculating the product of the pressure of the magnetic Ðeld of the arcade and the volume of the displaced magnetic Ðeld. The volume is given approximately by the area of the Ñux tube that penetrates the arcade, and by the e †ective vertical extent of the arcade. Taking into account the "" outgoing ÏÏ Ñux and the "" incoming ÏÏ Ñux, we see that the area of the Ñux penetrating the arcade is approximately twice the area of the original Ñux tube. Since the magnetic Ðeld strength in the arcade will decrease rapidly with height, the "" e †ective ÏÏ height of the arcade (e †ective as far as magnetic pressure is concerned) will be of order Hence, since R 0 . the pressure of the arcade magnetic Ðeld is equal to the surface pressure of the Ñux tube, we Ðnd that the work done in opening the arcade magnetic Ðeld is given, in order of magnitude, by
To estimate the energy of the open magnetic Ðeld, we consider a hemispherical source surface of radius where R 0 , the Ðeld strength is and suppose that the Ðeld expands B 0 , to inÐnity. This hemispherical surface is centered at the point where the Ñux tube punctures the arcade. We note that the total Ñux of this system is twice the Ñux of the original Ñux tube, so that it matches (in magnitude) the combined Ñux of the two parts of the Ñux tube which penetrate the arcade. The lowest energy of the fully open Ðeld is achieved if the Ðeld opens to the maximum possible angular extent, which would be a hemisphere bounded below by the photosphere (assumed planar). Then at radius r, the Ðeld strength is given by
Hence, on integrating the magnetic energy from to inÐn-R 0 ity, we obtain the open Ðeld energy
The minimum energy required to open the Ñux tube is the sum of the contributions given by equations (3.1) and (3.3), i.e.,
We need to compare the above estimate with the "" free energy ÏÏ that is released by untwisting the Ñux tube. This is given by
where is the energy per unit length of the untwisted Ñux U 0 tube. If we introduce the parameter
we Ðnd from (2.6), (3.4), and (3.5) that the free energy exceeds the energy required to open the Ñux conÐguration if
i.e. if
(1 ] b) [
If N is the total number of rotations of the Ñux along the length of the Ñux tube,
On using (2.4) and (2.7), this may be rewritten as
We may now use (3.8) to arrive at the condition that the amount of twist is sufficient for the free energy to exceed the energy required to open the Ñux tube :
The requirement (3.11) seems to be quite modest : for 10 or 20, the minimum requirement on N is 1.2, L /R 0 \ 5, 1.5, and 2.1, respectively. That is, for reasonable values of the ratio of the length to radius of the Ñux tube, it requires a total twist of only about one full rotation to provide sufficient energy to drive an eruption.
DISCUSSION
The energetic arguments presented in the previous section indicate that a sufficiently long twisted Ñux tube, held down by an overlying magnetic arcade, can have higher free energy that the energy involved in the eruption of the magnetic Ðeld through a localized region of the arcade. We may compare the energy requirement given by equation (3.11) with the stability condition for a twisted Ñux tube. Hood & Priest (1980) have examined the stability of a cylindrical Ñux tube embedded in a magnetic arcade. They use the energy principle of Bernstein et al. (1958) to determine the conditions in which the Ñux tube will exhibit kinkmode instability, taking into account line tying of the ends of the tube, and considering di †erent degrees of twist in the Ñux tube and a range of values of the ratio of the height of the axis of the Ñux tube to the radius of the tube. They Ðnd that the tube is deÐnitely stable if the total twist is less than 3.2n. Whether or not the tube is unstable if the total twist is larger than 3.2n depends on the subsidiary conditions. We here adopt the cautious assumption that the tube is unstable if the latter condition is satisÐed, i.e., in our current notation, if N [ 1.6. This condition and the energy condition of equation (3.11) are shown in Figure 4 . We see from the shapes of the stability-condition curve and of the energy-condition curve that, even if the stability condition is not exactly that quoted above, we must expect that there is a range of parameters in which the system is in a metastable state in that it is stable against small perturbations but there is sufficient free energy to drive an eruption into interplanetary space. The perturbation could take the form of a sudden shocklike disturbance due to a nearby Ñare. (It could also be due to "" tether cutting,ÏÏ to be discussed later.)4
There are many further calculations that will be necessary to pursue the scenario outlined in this article. In order to determine whether the proposed conÐguration actually leads to eruptions, it will be necessary to develop a computer simulation of this system. This will be a challenging endeavor since the conÐguration is essentially threedimensional and involves two interacting magnetic Ñux systems. It would be possible to begin with a simulation that conforms to the ideal MHD approximation. However, the system, and the development of this system due to the eruption, necessarily involves current sheets (Parker 1994) . The stability and evolution of the current sheets could be pursued as a separate calculation. Alternatively, the computer simulation could be made more realistic by including reconnection processes.
An important part of the study, which is not touched on in this article, is the evolution of the Ñux region that erupts through the magnetic arcade. The expansion of this Ñux region will be driven primarily by the buoyancy e †ect. However, the buoyancy force depends upon the magnetic energy of the magnetoid, using this term for the ejected plasmaÈmagnetic Ðeld conÐguration. This will change in time due in part to the expansion, and in part to the fact 4 A perceptive referee has pointed out to us the possibility that the end state of a metastable magnetic Ðeld conÐguration, after a large-amplitude perturbation, need not be the ruptured conÐguration considered in this article. It may be another state in which it is still conÐned by the magnetic arcade.
that the magnetic Ðeld of the magnetoid will become increasingly stressed as the Ñux tube unwinds. The relative rates of these two processes will be critical and will inÑuence the evolution of the CME. If the unwinding occurs on a shorter timescale than the eruption, the CME may start o † with a higher velocity but there will be less subsequent acceleration. If, on the other hand, the buoyancy expansion is initially more rapid than the unwinding, the CME may start o † with a lower velocity but accelerate as the unwinding supplies more energy to the magnetoid.
A further development of this model could take account of possible tether cutting (Sturrock 1992 ) associated with the Ñux rope. Rather than conceive of a simple Ñux rope, secured only at its ends, we could conceive of a Ñux rope with many strands connecting it to the photosphere. "" Tether cutting ÏÏ refers to reconnection between strands containing oppositely directed magnetic Ðeld, since it is analogous to cutting the ropes that hold down a hot-air balloon. This process could lead to the development of a CME. A possible scenario is that tether cutting occurs all the way along the length of the Ñux tube, and the system subsequently erupts in a localized region of the arcade, as considered in this article. Another possibility is that the tether-cutting and the eruption are symbiotic : tether cutting permits the propagation of the twist that underlies the eruption process, but the eruption changes the stress along the Ñux tube and thereby promotes tether cutting.
The topology of the emerging CME will be determined by a number of processes, some of which have already been mentioned. In our calculations, we have considered the possibility that the erupted Ñux expands more or less isotropically, e †ectively occupying a hemispherical volume. However, the actual topology will be strongly inÑuenced by the ambient magnetic Ðeld and gas pressure in the corona and solar wind, and also by the details of the process by which the Ñux tube breaks through the arcade. It may be energetically favorable for the Ñux tube to resemble a slab, the faces of which are parallel to the magnetic Ðeld of the overlying magnetic arcade, so that it emerges with a fanshaped conÐguration, rather than a "" sea serpent ÏÏ conÐgu-ration. Depending upon the role of inertia the vis-a`-vis buoyancy e †ect during the eruption process, the CME may tend to retain a fanlike character rather than expand into a conical form. It is probable that these questions can be answered deÐnitely only by numerical simulation.
Our simple analysis indicates that a two-Ñux system of Ðnite length, with the topology indicated, may be metastable. If this is the case, it o †ers an explanation of the explosive onset of CME events, but many questions remain to be addressed. This work was supported by NASA grants NAS 8-37334 and NAG5-4038. We wish to thank an anonymous referee for helpful comments and suggestions.
